Objectives-Low-intensity pulsed ultrasound (US) has been reported to promote periodontal tissue regeneration and reduce inflammation in soft tissues and in bone infectious diseases. Here we investigated the effect of low-intensity pulsed US on the expression of lipopolysaccharide (LPS)-induced inflammatory factors in U937 macrophage cells.
inflammatory responses and play important roles in periodontitis. 3 They change functioning flexibly by sensing the different environments. 4 Periodontitis is one of the most prevalent chronic inflammatory diseases. The periodontal inflammatory microenvironment, which forms primarily because of LPS stimulation, not only disturbs periodontal matrix metabolism and bone metabolism but also suppresses periodontal tissue regeneration and leads to periodontal tissue destruction. 5 When inflammation is active, the toll-like receptors (TLRs) trigger the activation of macrophages by their interacting ligands and produce large amounts of inflammatory cytokines. 6, 7 Nuclear factor-jB (NF-jB) signaling pathway is related to the expression of inflammatory factors via TLR activation, especially TLR4. 8 Therefore, the TLR4-NF-jB signaling pathway is crucial in the initiation of innate immune responses.
Low-intensity pulsed ultrasound (US), a type of physical stimulation, is approved by the US Food and Drug Administration for treatment of bone fractures because of its noninvasiveness and minimal adverse reactions. 9 It has been demonstrated that low-intensity pulsed US promotes cell proliferation, 10 up-regulates the differentiation of cementoblasts, 11 and increases extracellular matrix synthesis in fibroblasts and myoblasts. 12, 13 Previous trials have confirmed that low-intensity pulsed US accelerates bone fracture repair and bone regeneration. [14] [15] [16] Our recent studies have also demonstrated that low-intensity pulsed US promotes alveolar bone and periodontal fenestration defect healing. 17, 18 In addition, low-intensity pulsed US effectively increases human periodontal ligament cell proliferation and osteogenic differentiation. 19 Nagata et al 13 demonstrated that US could promote muscle regeneration in inflammatory muscle disease. Takakura et al 20 pointed out that lowintensity pulsed US played a crucial role in the increase of the healing of medial collateral ligaments. Nakao et al 21 found that low-intensity pulsed US could inhibit the TLR4 signal and the inflammatory responses induced by LPS. Thus, in this study, we hypothesized that low-intensity pulsed US may modulate inflammation by inhibiting macrophages. Therefore, this study aimed to assess the effect of low-intensity pulsed US on LPS-induced inflammatory factors in a macrophage cell model (U937) and analyzed the underlying mechanisms, which may provide a theoretical basis regarding the use of low-intensity pulsed US for the treatment of periodontitis.
Materials and Methods
Cell Culture and Differentiation Human mononuclear macrophage U937 cells, purchased from Shanghai Cell Bank (Chinese Academy of Science, Shanghai, China), were maintained in RPMI-1640 medium (Gibco Life Technologies, Carlsbad, CA) supplemented with 10% fetal bovine serum (Natocor, C ordoba, Argentina) and 1% penicillin and streptomycin in a 5% carbon dioxide humidified atmosphere at 378C. The cells were seeded in a 6-cm cell culture dish at 5 3 10 6 cells/mL. The cells differentiated into macrophage-like cells by incubating with 40-ng/mL phorbol 12-myristate 13-acetate (Sigma-Aldrich, St Louis, MO) in a 5% carbon dioxide humidified atmosphere at 378C for 24 hours. The cells were washed with phosphate-buffered saline (Gibco Life Technologies) after 24 hours.
Appropriate Concentration of LPS U937 cells were treated with LPS (Sigma-Aldrich) at 0.05, 0.1, 0.5, 1, 5, and 10 lg/mL for 24 hours. Tumor necrosis factor a is widely used to test the inflammatory response. 6 Therefore, we collected supernatants and tested the expression levels of TNF-a via an enzymelinked immunosorbent assay (ELISA). The LPS concentration that began to induce a large increase in TNF-a was considered an appropriate concentration in the following experiments.
Optimal Intensity of Low-Intensity Pulsed US Treatment After treatment with LPS for 2 hours, low-intensity pulsed US (1.5 MHz, 200-microsecond burst sine waves; National Engineering Research Center of Ultrasound Medicine, Chongqing, China) at various intensities (10, 30, 60 , and 90 mW/cm 2 ) was applied to stimulate the U937 cells for another 2 hours, as Nakao et al 21 reported, in a water bath at 378C. The lowintensity pulsed US conditions were a frequency of 1.5 MHz, a pulse duty cycle of 1:4, and a pulse repetition frequency of 1.0 kHz. For positive controls, cells were stimulated with LPS for 4 hours. Untreated U937 cells were used as negative controls. The supernatants were collected and tested for the protein levels of TNF-a and IL-8, whereas the gene expression of IL-8 was assessed as described below.
Cell Viability Assay U937 cells (10 4 cells per well) were seeded in 96-well culture plates and divided into 5 groups. The first group corresponded to the LPS-and low-intensity pulsed UStreated group as described above and were treated with a low-intensity pulsed US intensity of 60 mW/cm 2 . In the second group, cells were induced with LPS for 4 hours, and in the third group, cells were stimulated with low-intensity pulsed US for 2 hours. In the fourth group, Bay 11-7082 (10 lM; Sigma-Aldrich), a biochemical inhibitor of NF-jB, was first added to the medium for 40 minutes, followed by LPS stimulation for 4 hours. For the fifth group, untreated U937 cells served as negative controls. For each of these treatments, a cell counting kit 8 solution (Dojin Laboratory, Kumamoto, Japan) was added to each well, and the cells were incubated for another 2 hours at 378C and 5% carbon dioxide. The results were assessed by a microplate reader (BioTek, Inc, Winooski, VT) at an absorbance of 450 nm on days 1, 3, 5, and 7.
Apoptosis Assay U937 cells (10 7 cells/mL) were cultured in a 10-cm cell culture dish. The cells were treated as described above and collected via centrifugation at 300g for 10 minutes. Apoptosis was determined by a flow cytometer (BD Biosciences, San Jose, CA) according to the instructions of the Annexin V-fluorescein isothiocyanate apoptosis analysis kit (Tianjin Sungene Biotech Co, Ltd, Tianjin, China).
Tumor Necrosis Factor a, IL-1b, IL-6, and IL-8 ELISAs A TNF-a ELISA kit (Cloud-Clone Corp, Wuhan, China) was used to test the appropriate concentration of LPS, whereas both TNF-a and IL-8 ELISA kits (CloudClone Corp) were used to analyze the optimal intensity of low-intensity pulsed US.
To evaluate the influence of low-intensity pulsed US on inflammation, cells were assigned to 4 groups, as listed above: LPS-low-intensity pulsed US-treated group, LPS group, low-intensity pulsed US group, and U937 cell group. The supernatants were tested with the ELISA kits (Cloud-Clone Corp) according to the manufacturer's instructions.
Western Blot Analysis U937 cells were also divided into 4 groups: LPS-lowintensity pulsed US-treated group, LPS group, Bay-LPS group and U937 cell group. The total proteins were extracted with a mammalian protein extraction reagent (Pierce, Inc, Rockford, IL). Proteins were separated via 10% to 15% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes. The membranes were blocked with 5% fat-free dry milk and incubated with primary antibodies for TLR4, p65, p-IjBa, and IjBa (1:1000; Cell Signaling, Beverly, MA) overnight. After washing, the membranes were incubated with goat antirabbit secondary antibodies (1:500; Abgent, Suzhou, China) for 1 hour. b-Actin was used as protein-loading control after washing the same membrane.
Real-Time Polymerase Chain Reaction Analysis
Total RNA was extracted with the Trizol reagent according to the manufacturer's instructions (Invitrogen, Carlsbad, CA), and complementary was prepared for a realtime polymerase chain reaction (PCR) using a reagent kit (TaKaRa Bio, Inc, Shiga, Japan). Complementary DNA was amplified in a volume of 20 lL with 10 lL of SYBR Premix ExTaq TM II (TaKaRa Bio, Inc), 7.4 lL of deionized water, and 0.3 lL of a pair of primers. The human primer sequences are summarized in Table 1 . bActin was used to normalize the results. All gene expression was calculated via the DDC(T) method. 
Primer
Forward Reverse
Immunofluorescence Assay Four groups of U937 cells on the chamber slides were fixed with 4% paraformaldehyde for 40 minutes. Then the cells were permeated with 5% Triton X-100 for 30 minutes and blocked with 5% bovine serum albumin for 1 hour at room temperature. Slides were incubated with a primary antibody for p65 (1:1000; Cell Signaling) overnight, followed by secondary antibody (1:500; Abcam, Cambridge, MA) incubation for 1 hour and a 4 0 ,6-diamidino-2-phenylindole solution for 5 minutes in the dark. Slides were analyzed using an AF6000 deconvolution microscope (Leica, Wetzlar, Germany).
Statistical Analysis
All data were reported as means 6 standard deviations. The data from the experimental and control groups were extracted, and a Student t test was used to analyze significant differences between them. U937 cells with different LPS concentrations, low-intensity pulsed UStreated groups with different intensities, and cell viability assays were assessed by analysis of variance. P < .05 was considered statistically significant.
Results

Appropriation of LPS Concentration
As shown in Figure 1A , the expression level of TNF-a showed an increased from 500 ng/mL to 10 lg/mL. There was a significant difference between the control and LPS groups when the LPS concentration was higher than 1 lg/mL. Therefore, the LPS concentration of 1 lg/mL was applied in the following experiments.
Optimization of Low-Intensity Pulsed US Intensity Low-intensity pulsed US caused an insignificant decrease in the TNF-a level in U937 cells compared with the negative control group ( Figure 1B) . Accordingly, the expression of IL-8 was tested at the gene and protein levels. Compared with the LPS-treated group, the expression of IL-8 decreased after low-intensity pulsed US treatment. As shown in Figure 1C , IL-8 decreased significantly (P < .01) with low-intensity pulsed US irradiation at an intensity of 60 mW/cm 2 . Figure 1D shows that low-intensity pulsed US at intensities of 60 and 90 mW/cm 2 inhibited the expression of IL-8 significantly more than 10-mW/cm 2 low-intensity pulsed US (P < .05). Interleukin 8 declined more on treatment with 60-mW/cm 2 low-intensity pulsed US than 30-mW/cm 2 low-intensity pulsed US (P < .05). However, there were no significant differences between 60-and 90-mW/cm 2 or between 30-and 90-mW/cm 2 lowintensity pulsed US. Considering the inhibition of inflammatory factors and the damage to U937 cells, the intensity of 60 mW/cm 2 was used in the following study.
Low-Intensity Pulsed US Promoted U937 Cell Viability As shown in Figure 2A , U937 cell proliferation was markedly reduced with LPS treatment on day 1. Lowintensity pulsed US irradiation at an intensity of 60 mW/cm 2 caused a significant increase in proliferation of both U937 cells (P < .05) and LPS-low-intensity pulsed US-treated cells (P < .05) compared with the control group. Cells were washed and incubated. When U937 cells were tested at days 3, 5, and 7, the result showed that the cell proliferation was gradually reduced and stabilized by the third day, except for cells in the Bay-LPS group. U937 cell viability in the Bay-LPS group markedly decreased from the third day compared with the control group (P < .001).
Low-Intensity Pulsed US Inhibited U937 Cell Apoptosis As shown in Figure 2 , B and C, flow cytometric analysis indicated that LPS increased apoptosis of U937 cells compared with the nontreated control cells (P < .01). The apoptotic rate of U937 cells with low-intensity pulsed US stimulation was significantly lower (P < .001) than that of the control group. In addition, compared with the LPS group, a deceased apoptotic rate was found in the LPS-low-intensity pulsed US and Bay-LPS groups (P < .01).
Low-Intensity Pulsed US Modulated the Levels of TNF-a, IL-1b, IL-6, and IL-8
To investigate the effect of low-intensity pulsed US on the expression of inflammatory factors, the same intensity of low-intensity pulsed US without LPS stimulation was used. Lipopolysaccharide induced increased expression levels of TNF-a, IL-1b, IL-6, and IL-8 ( Figure 3 ) compared with the control group.
The supernatants were evaluated with ELISA kits (Figure 3, A-D) . Compared with the LPS-induced group, low-intensity pulsed US significantly inhibited the expression of IL-6 (P < .001) and IL-8 (P < .05). No significant difference in the protein levels of IL-1b and TNF-a was detected between the LPS-low-intensity pulsed US and LPS groups.
In Figure 3 , E-H, messenger RNA (mRNA) expression of IL-1b, IL-6, IL-8, and TNF-a decreased remarkably in the LPS-low-intensity pulsed US group compared with the LPS-induced group. There were statistically significant differences between these groups for IL-1b (P < .01), IL-8 (P < .01), IL-6 (P < .05), and TNF-a (P < .05).
Low-Intensity Pulsed US Inhibited LPS-Induced TLR4-NF-jB Signaling in U937 Cells
There was a marked effect on the mRNA levels of inflammatory factors on pretreatment with the inhibitor, as shown in Figure 4A . Low-intensity pulsed US-treated U937 cells and cells in the Bay-LPS group both showed decreased levels of IL-1b, IL-6, IL-8, TNF-a, and TLR4 mRNA compared with the LPS group. # P <.05 versus control; *P <.05; **P <.01, ***P <.001 versus LPS-induced treatment.
Zhang et al-Effect of Low-Intensity Pulsed US on of LPS-Induced Inflammation
As shown in Figure 4B , LPS induced the translocation of p65 from the cytoplasm to the nucleus, whereas low-intensity pulsed US treatment significantly reversed this process. The result was consistent with the western blot assays ( Figure 4C ). Moreover, LPS enhanced TLR4 and p-IjBa expression. With low-intensity pulsed Figure 2 . Low-intensity pulsed US (LIPUS) promoted U937 cell viability and inhibited U937 cell apoptosis. U937 cells were stimulated with lowintensity pulsed US (60 mW/cm 2 ) in the absence or presence of LPS (1 lg/mL) for 4 hours. Cells were pretreated with Bay (40 minutes), and LPS was added for 4 hours. U937 cells were induced with LPS as a positive control. Untreated cells were used as a negative control.The effect of lowintensity pulsed US on U937 cell viability was assessed via a cell-counting kit analysis (A). Flow cytometry was used to test the effect of lowintensity pulsed US on U937 cell apoptosis (B). Histograms show the apoptosis rate of U937 cells (C). The values presented are the means 6 SDs of 3 separate experiments. ## P <.01 versus control; **P <.01; ***P <.001 versus LPS-induced treatment. -D) , and the total RNA was assessed by a real-time PCR (E-H) . The values presented are the means 6 SDs of 3 separate experiments. *P <.05; **P <.01; ***P <.001 versus LPS-induced treatment; ## P <.05 versus control.
US treatment, p-IjBa was significantly suppressed (P < .001, Figure 4D ), whereas the expression of TLR4 was not markedly inhibited ( Figure 4D ).
Discussion
Low-intensity pulsed US can promote alveolar regeneration, 14 and likewise, low-intensity pulsed US treatment has been shown to reduce the expression levels of inflammatory factors. 13, 21 Our recent studies indicated that low-intensity pulsed US can promote alveolar bone regeneration in beagles. 22 However, the underlying mechanism of the low-intensity pulsed US effect on inflammation is unclear thus far. Macrophages play an important role in immune responses and inflammation. 3 Therefore, to our knowledge, this work is the first study to investigate the effect of low-intensity pulsed US on human macrophages stimulated with LPS. The results showed that low-intensity pulsed US significantly reversed these effects on cytokine production.
Lipopolysaccharide is considered one of the primary pathogenic factors that cause periodontitis and other inflammatory responses. 7 On LPS stimulation, TNF-a, IL-1b, and IL-6 are produced and secreted by osteoblasts and macrophages. 21, 23, 24 Consistent with these events, TNF-a began to dramatically increase in U937 cells treated with 1-lg/mL LPS. This concentration was the same at that reported previously, 25, 26 and it was used in the following experiments.
Low-intensity pulsed US can permeate tissues and cells to regulate levels of cellular inflammatory factors. 27 Due to its minimal side effects, low-intensity pulsed US has been widely used in both nonclinical and clinical studies. 28 Various intensities of low-intensity pulsed US have been used in previous studies: 30 mW/cm 2 was primarily used in vitro studies, 29, 30 whereas daily lowintensity pulsed US treatment at 90 mW/cm 2 was shown to be effective in inducing osteogenic differentiation. 31 However, our study indicated that 60-mW/cm 2 low-intensity pulsed US was more effective in reducing the expression of inflammatory factors. Based on the viability assessment, cell viability was significantly decreased in the LPS group, whereas low-intensity pulsed US effectively promoted U937 cell viability. After incubation for 6 days, U937 cell proliferation was stable in the LPSlow-intensity pulsed US and low-intensity pulsed US groups. An increased apoptotic rate was found in the LPS group, whereas a significantly decreased apoptotic rate was observed with low-intensity pulsed US treatment, which further illustrates the critical role of lowintensity pulsed US. Interleukin 1b, IL-6, IL-8, and TNF-a are secreted by U937 cells that are induced by LPS. [32] [33] [34] To assess the effect of low-intensity pulsed US on LPS-induced U937 cells, the expression of inflammatory factors was evaluated at both the gene and protein levels. An ELISA analysis showed that the expression levels of IL-6 and IL-8 were markedly decreased with low-intensity pulsed US treatment, but decreases in IL-1b and TNF-a were not observed, which was in contrast to previous studies that showed that low-intensity pulsed US inhibited IL1b and TNF-a expression. 35, 36 The inconsistent results may be attributed to the fact that different cell types and durations of low-intensity pulsed US treatment were used. It has been reported that phorbol 12-myristate 13-acetate can induce U937 cells to differentiate into macrophagelike cells and produce IL-1b and TNF-a, 37 which may suggest that the secretion of IL-1b and TNF-a was not decreased with only 2 hours of lowintensity pulsed US treatment. However, the real-time PCR results indicated that the expression levels of IL1b, IL-6, IL-8, and TNF-a declined significantly with low-intensity pulsed US treatment. Therefore, our results demonstrated that low-intensity pulsed US inhibited the expression of inflammatory factors in LPSinduced U937 cells.
Nuclear factor jB signaling is involved in the immune response and inflammation. 38 Toll-like receptor 4 transmits the signal and activates NF-jB when the host cells sense LPS. 39 When LPS activates inflammation, IjBa is phosphorylated, and degradation occurs via the activation of proteasome signaling. In addition, p65 translocates from the cytoplasm to the nuclei and binds to major target genes, thereby activating the classic NF-jB pathway. 36, 40 Some researchers believe that TLR4-NF-jB signaling may be a therapeutic target for treatments. [41] [42] [43] Shen et al 26 investigated the effect of selenomethionine on LPS-induced inflammatory responses and found inhibition of TNF-a and cyclooxygenase 2 expression with selenomethionine treatment. Furthermore, selenomethionine alleviated the degradation of IjBa and the translocation of p50. Nogueira et al 24 demonstrated that tea tree oil can lessen IL-1b and IL-6 expression and NF-jB activation on LPS stimulation. In a similar manner, low-intensity pulsed US decreased IL-1b, IL-6, IL-8, and TNF-a (Figure 3) expression levels and suppressed the nuclear translocation of p65 and the degradation and phosphorylation of IjBa ( Figure 4C ). An immunofluorescence assay showed that p65 translated into the nucleus in the LPS group, but low-intensity pulsed US reversed this process intuitively, which further proved the inhibition effect of low-intensity pulsed US on inflammation.
These results are supported by Sato et al, 36 who indicated that low-intensity pulsed US induced negative feedback on NF-jB signaling after an inflammatory activation. In this study, TLR4 was inhibited by lowintensity pulsed US treatment at the mRNA level ( Figure 4A ), but there was not a significant difference in protein expression among the groups ( Figure 4D ). This Figure 4 . Effects of low-intensity pulsed US (LIPUS) on LPS-induced TLR4-NF-jB signaling. U937 cells were stimulated with LPS (1 lg/mL) in the absence or presence of low-intensity pulsed US (60 mW/cm 2 ) for 4 hours. Cells were pretreated with Bay (40 minutes), and LPS was added for 4 hours, which was used as a positive control. Untreated cells were used as a negative control. Cytoplasmic lysates were assessed with the antibodies of TLR4, p-IjBa, IjBa, and p65. The cytoplasm and cell nucleus were separated and incubated with the p65 antibody. Total RNA was isolated and assessed by a real-time PCR using specific primers for IL-1b, IL-6, IL-8, TNF-a, and TLR4 (A). Immunofluorescence staining in U937 cells represented overlapped images of green fluorescence for p65 and blue staining for nuclei (B). The arrow shows the inhibition of nuclear translocation of p65 in the low-intensity pulsed US group. Toll-like receptor 4, p-IjBa, IjBa, and p65 (cytosol and nucleus) were analyzed by a western blot (C). Histograms show the density ratios of TLR4 and p-IjBa (D). The values presented are the means 6 SDs of 3 separate experiments. *P <.05; **P <.01; ***P <.001 versus LPS-induced treatment.
discrepancy between gene and protein expression might be caused by different posttranscriptional modifications or different degradation rates of the TLR4 protein. Therefore, these results support the hypothesis that the continuous mechanical force of low-intensity pulsed US might inhibit activation of the LPS-induced TLR4-NFjB pathway. However, in this study, we only analyzed the underlying mechanism of low-intensity pulsed US on the TLR4-NF-jB pathway and used the Bay-LPS group as a positive control. Therefore, the exact mechanism implicated in inflammation in U937 cells by lowintensity pulsed US is still unclear. Further studies are needed to assess the synergistic role of the low-intensity pulsed US-Bay-LPS group on the inflammatory process. In addition, other NF-jB family members will be analyzed in the future studies.
In conclusion, we have shown that low-intensity pulsed US can modulate LPS-induced inflammatory cytokine production at both the gene and protein levels in U937 cells. The inhibition process may work via the nuclear translocation of p65 and the phosphorylation of IjBa. This study highlights the positive role of lowintensity pulsed US for the treatment of inflammatory diseases. Our results show the effectiveness of lowintensity pulsed US on decreasing the expression of inflammatory factors stimulated by LPS in U937 cells. However, the optimal duration of low-intensity pulsed US treatment remains unclear and requires further investigation.
